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Two-dimensional semiconductors have emerged as a new class of materials for nanophoton-
ics for their strong exciton-photon interaction and flexibility for engineering and integration.
Taking advantage of these properties, we engineer an efficient lasing medium based on dipo-
lar interlayer excitons, in rotationally aligned atomically thin heterostructures. Lasing is
measured from a transition metal dichalcogenide hetero-bilayer integrated in a silicon nitride
grating resonator. A sharp increase in the spatial coherence of the emission was observed
across the lasing threshold. The work establishes interlayer excitons in two-dimensional
heterostructures as a silicon-compatible coherent medium. With electrically tunable light-
matter interaction strength and long-range dipolar interactions, these interlayer excitons
promise both applications to low-power, ultrafast laser and modulators and rich many-body
quantum phenomena.
Semiconductor lasers are ubiquitous in today’s technology because they are compact, cover a
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wide range of wavelengths, and allow efficient electrical pumping and fast electrical modulation1.
They are predominantly based on traditional III-V quantum wells. To achieve lower power con-
sumption, more compact size, and a higher degree of integration on the silicon platform, there
has been tremendous effort to develop alternative gain materials and structures, such as nanowire
lasers2, spasers3, and photonic crystal lasers4. However, tunability, electrical pumping and silicon-
chip integration remain common challenges for all these approaches.
Recently, monolayer transition metal dichalcogenide crystals (TMDCs) have emerged as a
new class of materials for semiconductor lasers, for they are atomically thin, feature strong exciton
emission 5, 6 and can be integrated with diverse materials, including silicon compounds 7. Previous
studies have assessed lasing in monolayer TMDCs from the non-linear intensity dependence and
linewidth reductions as a function of pump power 8–13. However, the photon flux appears to be
below the stimulated scattering threshold 14. The emission often saturates soon after reaching the
linear regime of operation. Spatial coherence – one of the quintessential characters of laser 15 –
has not been studied. Hence it is difficult to exclude localized excitons, such as point-defects, as
the source of the observed nonlinear power dependence. Moreover, with only a monolayer as the
gain medium, tunability is limited and vertical p-n junctions are not possible without contacting
with other doped semiconductors.
In contrast, heterostructures open the door to engineering of the band structures and exciton
states. In particular, spatially indirect excitons in heterostructures have been intensively stud-
ied 16, 17 for they feature a static dipole with long-range diople interactions that may give rise to
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rich manybody quantum phenomena 18; both the dipole interaction and exciton-light interaction
strengths are tunable by external electrical fields, important for excitonic circuit applications 19.
However, the reduced oscillator strength of spatial indirect excitons typically render them dark and
hard to access.
Here, we show that in rotationally aligned two dimensional (2D) hetero-bilayers 20 integrated
on a SiN cavity (Fig. 1), interlayer excitons form a bright and efficient gain medium, supporting
lasing with extended spatial coherence at a low band inversion density. As illustrated in Fig. 1B,
with precise alignment of the energy bands and sub-nanometer separation of the two monolayers,
the inter-layer excitons retain a sufficiently large oscillator strength. With type-II band alignment,
the hetero-bilayer forms a three-level system that allows efficient pumping through the intra-layer
exciton resonances followed by rapid electron transfer to a lower-energy, empty conduction band 21
(Fig. 1C). As a result, population inversion is readily achieved at the reduced band gap while
avoiding fast intra-layer radiative loss of the carriers. Moreover, unlike those used for monolayer
exciton lasers, the cavity mode in our device fully covers the hetero-bilayer, allowing gain for the
full area of the bilayer and supporting extended spatial coherence (Fig. 1A). We observe lasing
accompanied by a sharp increase in the spatial coherence length as the photon occupancy exceeds
unity. The emission intensity increases nonlinearly by over a hundred-fold across the threshold,
and continues to increase linearly with the pump power up to the highest power used without
saturation. Our results establish 2D inter-layer excitons in engineered hetero-bilayers as an efficient
lasing medium, which, compared to monolayer excitons, feature an electrically tunable long-range
dipole interaction and oscillator strength 22, 23, much more robust valley polarization, and a type II
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band alignment well-suited for electrical injection via an atomically thin bilayer p-n junction 24–26.
The lasing device is comprised of a rotationally aligned WSe2-MoSe2 hetero-bilayer placed
on a silicon nitride (SiN) grating resonator, as illustrated in Fig. 1a. The WSe2-MoSe2 hetero-
bilayer has type II band alignment, where inter-layer excitons are the lowest energy electronic
excitations (Fig. 1c). To form bright interlayer excitons, we precisely align the crystal axis of the
WSe2 and MoSe2 monolayers to within 1◦ of relative rotation via a polymer transfer technique. In
this way, the valleys of the two monolayers overlap in momentum space to form a direct band-gap
(Fig. 1b). The alignment accuracy can be confirmed with second harmonic generation (Supple-
mentary Fig. S1). The electron and hole in the bilayer, although separated into two different
mono-layers, are only less than a nanometer apart. Consequently, the interlayer exciton remains as
a good emitter; its oscillator strength, reduced by two orders of magnitude from that of intralayer
ones 26, is still comparable to that of excitons in III-V semiconductors.
At the same time, as illustrated in Fig. 1c, carriers can be injected into the hetero-bilayers
efficiently via the intra-layer exciton resonance, followed by rapid electron transfer, on the order
of 10-100 fs 21, to the empty conduction band of MoSe2. As a result, band inversion can be
established at the smaller, interlayer bandgap. Once separated into the two mono-layers, radiative
recombination as well as valley depolarization, are also strongly suppressed, rendering long inter-
layer exciton lifetimes on the order of 1 ns (Supplementary Fig. S2). Photoluminescence (PL) from
the hetero-bilayer shows much stronger inter-layer exciton emission than the intra-layer emission
(Fig. 2b), confirming a sufficiently large oscillator strength and inter-layer exciton population built-
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up. Spatially resolved PL shows uniform emission from the inter-layer (intra-layer) excitons in the
bilayer (monolayer) regions (Supplementary Fig. S3).
The grating cavity provides optical feedback when the excitons are coupled to its resonances.
The cavity modes are sensitive to both the electric field propagation and polarization directions.
We define the propagation (polarization) direction along the bar as x (TE) and cross-bar as y (TM),
as illustrated in Fig. 2a. We tune the grating period Λ, thickness h and fill factor g to obtain a high
quality factor for the TE mode, and match it to the exciton resonance at zero in-plane wavenumber
k = 0. The hetero-bilayer lies directly on the grating where the evanescent field remains strong
27.The TM cavity modes are far blue detuned from the excitons, therefore the TM excitons modes
are not affected by the cavity (Supplementary Fig. S4).
We confirm the TE-cavity modes by measuring the empty-cavity dispersion with angle-
resolved reflectance spectroscopy, which agrees well with the simulation by the rigorous coupled
wave analysis (RCWA), as shown in Fig. 2c. The TE mode quality factor from the simulation is
around 3,000. However, the actual cavity Q-factor is presumably lower than the simulated value
due to fabrication imperfections. From the reflectance spectra of the empty cavity, we estimate a
Q-factor between 500 and 680 (Fig. 2c inset), but the exact value is difficult to determine due to
low contrast and white-light noise. The PL spectral linewidth from the device corresponds to a
Q-factor around 630 (Fig. 2d).
The hetero-bilayer allows efficient optical pumping through the intralayer exciton resonances,
which are far above the resonances of the interlayer excitons or the cavity. To establish lasing, we
5
pump the device with a 1.7 eV pulsed Ti:Sapphire laser (80 MHz repetition rate, 150 fs pulse
width) and first measure the power-dependent PL spectra at 5 K using angle-resolved micro-PL
(Supplementary Fig. S5).
The PL from the cavity mode at k ∼ 0 brightens up rapidly as the pump power increases.
We show in Fig. 3a along-bar angle resolved PL above threshold, overlaid with the simulated
cavity modes (crosses). The red-shifted lasing emission compared to the bare cavity mode is to be
expected because transferring monolayers onto the grating cavity red-shifts the modes by several
meV’s. Integrating over kx = ± 0.48 µm−1, we obtain the photon occupancy Ip(k ∼ 0) after
counting for the independently measured collection efficiency of the optical path 28. The Ip(k ∼ 0)
vs pump power shows clearly a super-linear dependence as Ip(k ∼ 0) approaches one, consistent
with the onset of the stimulated scattering into the cavity mode (Fig. 3b).
The pump power at the threshold of Ip(k ∼ 0) = 1 is Pth= 0.18 µW. From Pth and the
typical absorption efficiency of 20% by monolayer WSe2, we obtain the threshold carrier density
nth = 5.7×1010 cm−2, in good agreement with the density required for the transparency condition
ntr ∼ 8 × 1010 cm−2 (see supplementary information for calculations of nth and ntr). Far above
threshold, the output intensity becomes linear with the pump power without saturation up to the
highest power used for TE measurements at P = 28Pth.
Accompanying the super-linear increase in the emission intensity at threshold, the linewidth
of the emission drops sharply, as shown in Fig. 3b, signifying the increase of temporal coherence.
Linewidth at lower excitation powers than ∼0.1 µW is presumably broader but our detectors are
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not sensitive enough to detect the emission. The saturation and slight increase of the linewidth
with increasing power above threshold may be due to interactions among the carriers and spatial
mode competition29.
In stark contrast with TE emission, the TM polarized emission is not coupled to the cavity
mode and does not show a threshold behavior. The emission becomes detectable only at high pump
powers. An example is shown in Fig. 3c for P = 10 µW. The emission spreads uniformly in k over
the numerical aperture of our collection optics and has a broad linewidth of about 70 meV. With
increasing pump power, the total integrated emission intensity increase sub-linearly with pump
power (Fig. 3d). Under the same excitation power, the integrated intensities from TM and TE
polarized emission are comparable, as shown in Fig. 3b and Fig. 3d. However, the TM emission
is spread over a broad range in energy and k distribution, while the TE emission is concentrated to
energy and k ranges one to two orders of magnitude smaller as a result of stimulated scattering.
To confirm extended coherence expected of a laser with a 2D gain medium, we study the
first-order spatial coherence function g(1)(r,−r) defined as follows 15:
g(1)(r1, r2) =
G(1)(r1, r2)√
G(1)(r1, r1)G(1)(r2, r2)
(1)
G(1) is the first-order correlation function and corresponds to:
G(1)(r1, r2) = tr{ρE(−)(r1)E(+)(r2)} (2)
where E(+) and E(−) are field creation and annihilation operators, respectively. Although spa-
tial coherence properties have been extensively studied in semiconductor photon lasers, exciton-
polariton lasers 30 and plasmon lasers 31, coherence of TMD lasers have not been studied thus
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far, making it difficult to rule out localized excitons as a source of lasing. The large spatial area
of the grating resonator and large photon flux above threshold allow us to investigate the spatial
coherence of the interlayer exciton emission.
First order spatial coherence measurements were performed using a continuous wave excita-
tion laser and the retro-reflector Michelson interferometer setup 32. After filtering out the scattered
laser, emission from the lasing device was sent to the interferometer which interferes an image of
the sample with a centro-symmetrically inverted version (Fig. 4a inset). Because of a small an-
gle difference between the two beams, interference fringes are formed (Fig. 4a) corresponding to
slightly varying path length difference 2pi
λ0
z0(r) at different positions r across the images; z0 is the
initial position of the retro-reflector that produces the inverted image. The interferometer output is
recorded by a charge-coupled camera with intensities described by:
I int(r) = I(r) + I(-r) + 2
√
I(r)I(-r)g(1)(r,−r) sin
(
2pi
λ0
(z − z0)
)
. (3)
Here I(r) and I(-r) are intensities from the mirror and retro-reflector arms, respectively, and are
measured by blocking one of the arms of the interferometer. z is the position of the retro-reflector.
g(1)(r,−r) is the first order spatial coherence for two positions separated by 2r, and is proportional
to the visibility of the interference fringe. To obtain the visibility or g(1)(r,−r), we scan the
position z of the retro-reflector and record the sinusoidal oscillation of I int(r) vs. z at each r,
as shown in Fig. 4b. Fitting the oscillation at each r, we construct a map of spatial coherence,
g(1)(r,−r). Below threshold, the emission is too weak for g(1) measurements. The top panels of
Fig. 4c and 4d show examples of spatial coherence maps near and above threshold, respectively.
Near threshold, the map is rather noisy without a clear patten of g(1)(r,−r) vs. r. Above threshold,
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a clear pattern emerges, showing a high g(1)(r,−r) near r ∼ 0 that decays with increasing r and
extends above the background fluctuations to about the laser spot size.
To study the functional dependence of g(1), we average over y = ± 0.2 µm and obtain
g(1)(x,−x). The bottom panels of Fig. 4c and 4d show examples for near and above threshold,
respectively. A clearly slower decay of g(1)(x,−x) with x is measured above threshold. The
g(1)(x,−x) vs. x is fit well by a Gaussian function with the standard deviation σ as a fitting
parameter. From the fits, we obtain the coherence length λc = 2
√
2piσ. As seen in Fig. 4e, λc
increases sharply across the threshold, from 2.38 µm near threshold to about 5 µm above threshold,
confirming the formation of extended spatial coherence in the laser.
Further above threshold, λc remains about the same, possibly limited by the laser spot size; it
decreases slightly at the highest powers, possibly because of competition of multiple spatial mode
in the absence of lateral confinement potentials. We note that, the measured g(1)(x,−x) is much
lower than the actual value due to difficulty in achieving good alignment. The emission from our
ultra-compact device is necessarily weak and the detector efficiency at 1.36 eV is poor, hence it is
difficulty to simultaneously achieve good time and spatial overlap of the interference signal with
the asymmetric interferometer. With a fully symmetric interferometer without inverting one of the
images, we obtain visibility for g(1)(τ = 0) close to 0.8 (supplementary Fig. S6).
In conclusion, we demonstrate a two-dimensional WSe2-MoSe2 hetero-bilayer laser on a
grating cavity. Nonlinear increase in the output intensity and narrowing of the emission linewidth
are measured as the photon number in the lasing mode reaches the order of unity. The carrier
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density at threshold matches that for transparency condition and is reduced compared to in mono-
layers due to the reduced interlayer band gap. The full coverage of gain medium by the cavity
field enabled a relatively large photon flux above threshold and a measurement of the spatial co-
herence of the device. A sharp increase of the spatial coherence to around 5 µm above threshold
was measured, confirming the lasing emission originates from an extended 2D gain medium – the
inter-layer excitons.
The hetero-bilayer laser can be improved by reducing the inhomogeneous broadening of the
gain medium with hexagonal boron-nitride encapsulation, improving the cavity Q, and reducing
mode competition with lateral confinement of the cavity modes . Using cavities with lateral rota-
tional invariance would allow valleytronic applications of the inter-layer excitons laser. Different
combinations of van der Waals materials can be used to create inter-layer exciton lasers of different
wavelengths. Electrical tuning of the oscillator strength may allow fast modulation of the laser and
electrical injection can be implemented via atomically thin, bilayer p-n junctions 24–26.Coherent
indirect exciton gases may be explored by adiabatic electrical tuning 33.
Methods
Sample fabrication. To fabricate the grating cavity, we first grew a SiN film with a SiO2 buffer on
Si substrate using low-pressure chemical vapor deposition, then patterned it using electron beam
lithography and created the grating bars by plasma dry etching. The grating parameters indicated
in Fig. 1a are as follows: d = 1475 nm, t = 113 nm, h = 60 nm, λ = 615 nm and g = 50 nm.
The individual WSe2 and MoSe2 monolayers were mechanically exfoliated onto a SiO2 substrate
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using PDMS. The exfoliated monolayers were stacked into a heterostructure using a high accuracy
rotational alignment method 34. First, the MoSe2 was picked up with a PDMS/PPC stamp under
an optical microscope. Then, the crystal axes of MoSe2 and WSe2 were rotationally aligned to be
0 or 60 degrees prior to stacking. The stacked heterostructure was dropped down onto the PCC.
Polymer residue was dissolved and the sample was annealed at 350◦C for a total of 7 hours.
Hetero-bilayer twist angle. We can verify the twist angle of the heterobilayer aligned under the
optical microscope by angle-dependent second harmonic generation (SHG) measurements. Sup-
plementary Fig. S1 shows an optical microscope image of two different samples and the cor-
responding angle dependent SHG measurements (Supplementary Fig. S1). By fitting the SHG
pattern with a cos2(3θ) function, where θ is the angle between the armchair direction of the mono-
layer and the polarization direction of the beam, we can obtain the twist angle. We did not measure
the SHG for the hetero-bilayer prior to putting it on the grating, but from experience, we found that
the straight edges of exfoliated monolayers reliably correspond to the arm-chair axis of the crystal.
Therefore, we aligned the two straight flake edges under the optical microscope.
Optical measurements. We measure the lifetime of the TM emission using a Hamamatsu streak
camera system. The sample was excited using a pulsed Ti:sapphire laser. The emission was po-
larization selected for the TM direction and sent to the streak camera. As shown in supplementary
Fig. S2, a linecut of the streak camera spectrum was fitted with a bi-exponential function to de-
termine the lifetime. The fitted lifetime is around 2 ns. Spatially resolved PL mapping of the
hetero-bilayer lasing device was shown in supplementary Fig. S3. The sample was excited with a
633 nm continuous wave (CW) laser and selected for TE polarization. With an Attocube ANC 300
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piezo stage, we scanned the laser spot around various regions of the sample. We applied spectral
band-pass filter to the PL spectra to select out the emission from bi-layer, WSe2, and MoSe2 re-
gions. Supplementary Fig. S5 shows the schematic of the optical setup used for the angle-resolved
PL/reflection and coherence measurements. The sample was cooled to 5 K using a Montana Instru-
ments Fusion 2 cryostat. Fourier-space imaging was used to measure angle-resolved reflection and
micro-PL of the device. For reflection, a tungsten halogen lamp was used. For micro-PL a pulsed
Ti:sapphire laser near-resonant with the WSe2 A-exciton (1.7 eV) was used to excite the sample.
The emission was collected using a 0.55 NA objective lens, passed through a long-pass filter to
filter out the excitation laser and a linear polarizer to selectively measure TE and TM modes, and
sent to a Princeton Instruments spectrometer with a measured spectral resolution of 0.3 nm. Spatial
coherence measurement was performed using a retro-reflector Michelson Interferometer setup as
shown in supplementary Fig. S5. Emission rid of scattered pump laser light was sent to a 50:50
beam-splitter which divided the light into two paths, the mirror path and the retro-reflector path.
In order to change the time difference (τ ) between the two paths, the retro-reflector is mounted on
a stepper motor which can have a step size as small as 50 nm (about 0.167 fs). The interference
pattern is collected by a Princeton Instruments eXcelon CCD camera.
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Figure 1: Heterobilayer/grating cavity system. a, Schematic of the laser device consisting of a
hetero-bilayer on a grating cavity. The along-bar (cross-bar) direction and polarization are defined
as x (y) and TE (TM) respectively. Grating cavity design parameters are the following: total
SiN thickness (t), SiO2 thickness (d), grating thickness (h), grating period (Λ), gap width (g).
b, Illustration of the rotationally aligned heterobilayer with twist angle θ = 0◦ (left), and the
corresponding band structure with extrama at the K-valleys (right). Depending on the twist angle
θ, the hetero-bilayer has a direct or indirect bandgap. c, Band alignment and carrier dynamics of
the hetero-bilayer. The hetero-bilayer has a type-II band alignment, forming a three level system
for the injected carriers. Intra-layer excitons are excited by a pump laser in the WSe2 layer (solid
wavy line). Some electrons transfer to the lower MoSe2 conduction band on a fast (10-100 fs)
time-scale (dotted line), while others recombine as intra-layer excitons with lifetimes around 1-10
ps (dash-dotted line). Without the cavity, the inter-layer excitons (dashed line) recombine with a
lifetime on the order of 1 ns (IX), and, with cavity enhancement, on the order of 1-10 ps (IXC).
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Figure 2: Characterization of the heterobilayer/grating cavity system. a, An optical micro-
scope image of the WSe2/MoSe2 hetero-bilayer integrated on a grating cavity. The red square
outlines the grating region and the red circle indicates approximately the laser spot size. Inset:
direction of the grating bars. b, PL spectrum from the hetero-bilayer. The shaded boxes highlight
the approximate spectral range of inter-layer, MoSe2 and WSe2 exciton emission. c, TE-polarized
along-bar, angle-resolved, simulated (left) and measured (right) reflectance spectrum. The cavity
mode dispersion is evident from the peaks in the reflectance spectrum. The overlaid crosses in-
dicate the cavity mode from simulation. Inset: linecut of the spectrum around kx ∼ 1.7 µm−1.
Red line is a fit to the cavity mode. Star symbol marks the peak of the fitted cavity mode. d, PL
spectrum near kx ∼ 0 at a pump power of 0.1 µW. Red line is the Lorentzian fitting to the spectrum
with a fitted linewidth of 2.2 meV.
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Figure 3: Properties of the integrated hetero-bilayer/grating cavity system. a, Angle resolved
micro-PL spectra for the along-bar TE direction at 3.33Pth with overlaid simulated empty cavity
dispersion (crosses). The cavity resonances is red-shifted when the heterobilayer is placed on top.
b, The intensity (red) and linewidth (blue) of the TE emission from the heterobilayer versus input
pump power. The emission intensity is integrated over |kx| < 0.48 µm−1 and |ky| < 0.13 µm−1.
The dot-dashed line indicates a linear line, the vertical red line marks Pth, and the horizontal
purple line indicates Ip = 1. c, Angle resolved micro-PL spectra for the along-bar TM direction
at P=10 µW. d, The pump power dependence of the TM emission intensities, integrated over
kx ± 2 µm−1 (red), and the TM emission line-width (blue).
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Figure 4: First order coherence of the inter-layer exciton laser. a, Typical interference pattern
above Pth. Inset: illustration of centro-symmetrically interfered images. b, Intensity plots of single
pixels (labeled as squares 1 and 2 in (a)) as the retro-reflector position is scanned over a phase
of 4pi. c,d, Top: maps of g(1)(r,−r) c near Pth and d above Pth. Bottom: horizontal linecuts of
g(1)(r,−r) integrated between the dashed lines. The red line is the Gaussian fit used to extract the
coherence length λc. Inset: illustration of the grating bar direction. e, The coherence length λc
versus the pump power.
21
